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Tevatron, CDF and D0
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Total collected sample:
∼10 fb−1 per experiment



Physics motivation

t-channel

s-channel

Dibosons are sensitive to Trilinear Gauge
Couplings (TGC): ZZZ, ZZγ, Zγγ not present in
SM

New physics will enhance/suppress diboson
production cross sections

Significant background for several searches:

SM scalar, gravitons, other resonances

At the Tevatron (
√

s= 1.96 TeV)

Process Cross section
W(→ `ν)γ 7.6 ± 0.2 pb†

Z(→ ``)γ 4.5 ± 0.4 pb†

WW 11.7 ± 0.7 pb†

WZ 3.46 ± 0.2 pb†

ZZ 1.4 ± 0.1 pb†
† MCFM,MSTW08

M. Bauce (Moriond EW ’13) Diboson Physics at the Tevatron 2-9 March 2013 3 / 23



Wγ

Interference between tree level diagrams at specific W − q angles in the Wγ
rest-frame. (Sensitive to BSM signatures)

Expected a dip in the Q` × (ηγ − η`) distribution
at -1/3 for Wγ events.

Measured cross section
σWγ × BR(W → `ν) = 7.6 ± 0.4(stat .) ± 0.6(syst .) pb

(σ × BR)NLO
SM = 7.6 ± 0.2 pb (MCFM, MSTW08)

95% C.L. limits on anomalous TGC (ΛNP = 2 TeV)
from the Eγ

T spectrum

-0.4 < ∆kγ <0.4

-0.08 < λγ <0.07
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Zγ

No ZZγ, Zγγ vertices expected in SM:
limits from EγT spectrum on hZ

3 , hZ
4 , hγ3 , hγ4

D0 cross section measurement

σ(Zγ → ``γ) = 1.09±0.04(stat .)±0.06(syst .) pb

σ(Zγ → ``γ)NLO
SM = 1.10± 0.03 pb (MCFM, MSTW08)

TCG limits: considered decay modes:

CDF: Zγ → ``γ, Zγ → ννγ

D0: Zγ → ``γ

95% C.L. limits for Λ = 1.5 TeV:

Parameter CDF D0
hZ

3 -0.020, 0.021 -0.026, 0.026
hZ

4 -0.0009, 0.0009 -0.0013, 0.0013
hγ3 -0.022, 0.020 -0.027, 0.027
hγ4 -0.0008, 0.0008 -0.0014, 0.0014

M. Bauce (Moriond EW ’13) Diboson Physics at the Tevatron 2-9 March 2013 5 / 23

PRL 107, 051802 (2011) PRD 85, 052001 (2012)



Zγ

No ZZγ, Zγγ vertices expected in SM:
limits from EγT spectrum on hZ

3 , hZ
4 , hγ3 , hγ4

D0 cross section measurement

σ(Zγ → ``γ) = 1.09±0.04(stat .)±0.06(syst .) pb

σ(Zγ → ``γ)NLO
SM = 1.10± 0.03 pb (MCFM, MSTW08)

TCG limits: considered decay modes:

CDF: Zγ → ``γ, Zγ → ννγ

D0: Zγ → ``γ

95% C.L. limits for Λ = 1.5 TeV:

Parameter CDF D0
hZ

3 -0.020, 0.021 -0.026, 0.026
hZ

4 -0.0009, 0.0009 -0.0013, 0.0013
hγ3 -0.022, 0.020 -0.027, 0.027
hγ4 -0.0008, 0.0008 -0.0014, 0.0014

M. Bauce (Moriond EW ’13) Diboson Physics at the Tevatron 2-9 March 2013 5 / 23

ET (γ) ≥50 GeV

ET (γ) ≥100 GeV

PRL 107, 051802 (2011) PRD 85, 052001 (2012)



Zγ

No ZZγ, Zγγ vertices expected in SM:
limits from EγT spectrum on hZ

3 , hZ
4 , hγ3 , hγ4

D0 cross section measurement

σ(Zγ → ``γ) = 1.09±0.04(stat .)±0.06(syst .) pb

σ(Zγ → ``γ)NLO
SM = 1.10± 0.03 pb (MCFM, MSTW08)

TCG limits: considered decay modes:

CDF: Zγ → ``γ, Zγ → ννγ

D0: Zγ → ``γ

95% C.L. limits for Λ = 1.5 TeV:

Parameter CDF D0
hZ

3 -0.020, 0.021 -0.026, 0.026
hZ

4 -0.0009, 0.0009 -0.0013, 0.0013
hγ3 -0.022, 0.020 -0.027, 0.027
hγ4 -0.0008, 0.0008 -0.0014, 0.0014

M. Bauce (Moriond EW ’13) Diboson Physics at the Tevatron 2-9 March 2013 5 / 23

PRL 107, 051802 (2011) PRD 85, 052001 (2012)



Heavy diboson final states

Leptonic Decay Modes: 0.5% - 6.4%
Small branching ratio

Clean signature in the detector

Semi-leptonic Decay Modes: 2.5% - 44%
Larger branching ratio

Better analysis techniques needed
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WZ → `ν`′`′

Select events with:
I Exactly three leptons: pT (`1) >20 GeV/c, pT (`2,3) >10 GeV/c
I A pair of same flavor, opposite charge leptons with 76 < m`` < 106 GeV/c2

I /ET >25 GeV
Exploit a Neural Network to separate the signal from background and measure the
cross section from the NN output
limit on aTGC from pT (Z ) distribution

σ(WZ ) = 3.9+0.6
−0.5(stat .)+0.6

−0.4(syst .) pb (σSM = 3.46± 0.21 pb)

MCFM, MSTW08 − zero width approx .

0 0.5 1 1.5 2 2.5 3

-3
10

-210

-110

1

10

210

0 0.5 1 1.5 2 2.5 3

-3
10

-210

-110

1

10

210 tt

ZZ

Zj

γZ

WZ

Data

)T E (W-Lep., φ∆

CDF Run II Preliminary

WZ Signal (Z-Peak Region): All Jet Bins

-1
 L = 7.1 fb∫

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
0

2

4

6

8

10

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
0

2

4

6

8

10

tt

ZZ

γZ

Zj

WZ

Data

NN Output

CDF Run II Preliminary

WZ Signal (Z-Peak Region): All Jet Bins

-1
 L = 7.1 fb∫

M. Bauce (Moriond EW ’13) Diboson Physics at the Tevatron 2-9 March 2013 7 / 23

PRD 86, 031104 (2012)



WZ → `ν`′`′
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WZ → `ν`′`′

D0 strategy similar to CDF:
I cross section from a fit to mT (W ).

σ(WZ ) = 4.50± 0.61(stat .)+0.16
−0.25(syst .) pb

(σSM = 3.21± 0.19 pb)
(MCFM, MSTW08 − m`` ∈ [60, 120] GeV/c2)

I Anomalous TGC limits from pT (``)
spectrum  (GeV)W
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Combined limits on TGC

D0 combination of different diboson analyses:

WZ → `ν`′`′ 8.6 fb−1

Wγ → `νγ 4.9 fb−1

WW → `ν`′ν 1.0 fb−1

WW + WZ → `νjj 4.3 + 1.1 fb−1
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ZZ → ```′`′

Clean signature, small unphysical back-
ground.
Complete reconstruction of ZZ topology.

Select events with 4 leptons:

e+e−e+e−. µ+µ−µ+µ−, e+e−µ+µ−

pT (`1) ≥20 GeV/c, pT (`) ≥10 GeV/c

M``,1 ∈ [76,106] GeV/c2,
M``,2 ∈ [40,140] GeV/c2

Main background coming from jet misidentifi-
cation in Z (γ)+jets events.∫

L = 9.7 fb−1

Process candidate events
ZZ 9.59 ± 1.55
Z (γ)+jets 0.06 ± 0.03
Total Expected 9.65 ± 1.55
Data 7

ZZ → ```′`′ Signal Region
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ZZ → ``νν

Two same flavor opposite charge leptons: pT (`1) ≥20 GeV/c, pT (`2) ≥10 GeV/c

76≤ M`` ≤106 GeV/c2

No jets with ∆φ(j , Z ) ≥ π/2
/EAx

T ≡ −/ET · cos∆φ(/ET , Z ) ≥ 30 GeV
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ZZ → ```′`′, ZZ → ``νν
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ZZ → ```′`′, ZZ → ``νν
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WW/WZ → `νjj

Semileptonic diboson decays are more challenging:
need to extract small signal from a background dominated sample.

W+jj background modeling need particular care:
I earlier CDF analysis saw an excess in the Mjj spectrum
I corresponding analysis from D0 didn’t confirm that
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WW/WZ → `νjj

Semileptonic diboson decays are more challenging:
need to extract small signal from a background dominated sample.

Further investigation at CDF (past 2 years)

selection based on dijet topology

calibrate detector response:
Z+jet, γ+jet balancing

model fake lepton background

Obtained a really good modeling of the
W/Z+jet background:

Sensitivity to semileptonic final states

Good modeling of background
processes for SM Scalar searches at
low masses
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WW/WZ → `νjj

Semileptonic diboson decays are more challenging:
need to extract small signal from a background dominated sample.

Further investigation at CDF (past 2 years)

selection based on dijet topology
calibrate detector response:
Z+jet, γ+jet balancing
model fake lepton background

Obtained a really good modeling of the
W/Z+jet background:

Sensitivity to semileptonic final states
Good modeling of background
processes for SM Scalar searches at
low masses

M. Bauce (Moriond EW ’13) Diboson Physics at the Tevatron 2-9 March 2013 14 / 23
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WW/WZ → `ν + jj(/bb)
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Identify heavy-flavor jets (b-tagging)
Combined fit to Mjj distribution in 0,1,2+ tagged jet sample:

σ(WW + WZ ) = 19.6+3.2
−3.0 pb

( σ(WZ ) = 6.5± 3.1 pb when fixing σWW to SM )
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�� ��No b-tag
�� ��1 b-tag

�� ��2+ b-tag

PRL 108, 181803 (2012)



WW/WZ → `ν + jj(/bb)
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WZ Cross Section (pb)
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measures:

σ(WW ) = 15.9+3.7
−3.2 pb

σ(WZ ) = 3.3+4.1
−3.3 pb

consistent with the SM prediction
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�� ��2+ b-tag

PRL 108, 181803 (2012)



Dibosons in heavy-flavor jets final states

VZ production with bb in the final state.
Combine different decay modes:

VZ → ννbb

VZ → `νbb

VZ → ``bb

σ(WZ + ZZ ) = 4.08+1.38
−1.26 pb
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�� ��/ET + bb

�� ��`ν + bb �� ��`` + bb

Full CDF dataset

CDF Note 10798

CDF Note 10796

CDF Note 10799



Dibosons in heavy-flavor jets final states
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I Fixing WZ/ZZ ratio to SM:

σ(WZ + ZZ ) = 5.0±1.0(stat .)+1.3
−1.2(syst .) pb

(σ(WZ + ZZ )NLO
SM = 4.4± 0.3 pb)

I Simultaneous fit of WZ and ZZ cross
sections:

σ(WZ ) = 5.9± 1.4(stat .)± 0.7(syst .) pb

σ(ZZ ) = 0.45± 0.61(stat .)± 1.2(syst .) pb WZ Cross Section (pb)

0 2 4 6 8 10 12

Z
Z

 C
ro

ss
 S

ec
ti

o
n

 (
p

b
)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5 Standard Model

Measurement

68% Contour

95% Contour

DØ Preliminary
 ­1L = 7.5­8.4 fb

M. Bauce (Moriond EW ’13) Diboson Physics at the Tevatron 2-9 March 2013 17 / 23

D0 combines /ET + bb, `ν + bb, `` + bb analysis exploiting MVA distributions.

Full D0 dataset

arXiv:1204.4496v1 (2012)



Dibosons in heavy-flavor jets final states
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I Simultaneous fit of WZ and ZZ cross
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D0 combines /ET + bb, `ν + bb, `` + bb analysis exploiting MVA distributions.

Full D0 dataset

arXiv:1204.4496v1 (2012)

CDF and D0 diboson heavy-flavor final states combination
(exploit MVA information)

MVA ordered by s/b
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Summary & Conclusions
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Tevatron Run II SM Cross Sections

Jan 2013

Diboson production measured
exploiting up to the full available
dataset

Sensitive to several semi-leptonic
final states

I Validation for SM/exotic searches

Investigation of the anomalous TGC:
I no deviation seen from the SM

prediction

CDF and D0 finalization and
combination in progress to set the
best EWK measurements at the
Tevatron
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Signatures and selections

Leptons:
I High-pT leptons >10-15 GeV/c, maximized

detector acceptance |η| <1.5(µ), <2.1(e)
I Calorimeter and track isolation exploited
I Collect data with high-pT lepton trigger

Photons:
I ET (γ) ≥15 GeV in the acceptance (|η| <2.5)
I Calorimeter based isolation

Jets:
I ET ≥10(15) GeV in the acceptance (|η| <2.4)
I Calorimeter based isolation, associated track

reconstruction

Z → `+`− selection:
I Same flavor and opposite charge lepton pair
I m`` within 15 GeV/c2 from the PDG Z mass

W → `ν selection:
I One isolated lepton
I Significant /ET (cuts starting from 20 GeV)
I large W transverse mass, mT (W ) (cut starting

from 20 GeV)
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Trilinear Gauge Couplings

LWWV

gWWV
= i [gV

1 (W †µνWµV ν −WµνW †µV ν )

+ kV W †µWνVµν +
λV

m2
W

W †ρµWµ
ν V νρ]

L =
e

M2
Z

[
f V
4 (δµVµβ)Zα(δαZβ) + f V

5 (δσVσµ)ZµβZβ
]

EM gauge invariance and C and P conservation:
I 5 independent TGC for WW gZ

1 , kZ , kγ , λZ , λγ

Wγ sensitive to kγ , λγ
WZ sensitive to gZ

1 , kZ , λZ

Standard Model: gZ
1 =kZ =kγ=1 so consider ∆gZ

1 , ∆kZ , ∆kγ
λZ =λγ=0

ZγZ vertex: Zγ sensitive to hZ
3 , hγ3 , hZ

4 , hγ4
ZZγ vertex: ZZ sensitive to f Z

4 , f γ4 , f Z
5 , f γ5 all zero in SM
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a(s) =
a0

(1 + s
Λ2 )2

LEP parametrization

∆kZ = ∆gZ
1 −∆kγ · tan2 θW

λZ = λγ = λ



WW → `ν`ν
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